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Generation Ex Vivo of TGF-P-Producing Regulatory T Cells 
from CD4^CD25"" Precursors^ 

Song Gum Zheng, J. Dixon Gray, Kazuo Ohtsuka, Satoshi Yamagiwa, and David A. Horwitz^ 

IVevioiisly we reported that TGF-/i has an important role in the generation and expansion of human "professional" CD4*CD25^ 
regulatory T cells in the periphery that have a cytokine-independent mechanism of action. In this study we used low-dose 
staphylococcal enterotoxin to induce T cell-dependent Ah production. We report that TGF-^ induces activated CD4'*^CD25" T 
cells to becfime Th3 suppressor cells. While stimulating CD4^ cells with TGF-/J modestly increased expression of CD25 and 
intracellular C TLA-4 in primary cultures, upon secondary stimulation without TGF-/3 the total number and those expressing 
these markers dramatically increased. This expansion was due to both increased proliferation and protection of these cells from 
activation-induced apoptosis. Moreover, adding as few as 1 % of these TGF-P-primed CM^ T cells to fresh CD4^ cells and B cells 
markedly suppressed IgG production. The inhibitory effect was mediated by TGF-p and was also partially contact dependent. 
Increased TGF-p production was associated with a decreased production of IFN-y and IL-10. Depletion studies revealed that the 
precursors >f these TGF-^-producing CD4'^ suppressor cells were CD25 negative. These studies provide evidence that 
( :!)4^C 1)25 regulatory cells In human blood consist of at least two subsets that have TGF-p-depen dent and independent mech- 
unisms of action. TGF-fi has an essential role in the generation of both of these T suppressor cell subsets from peripheral T cells, 
I he ability to induce CD4^ and CD8^ cells to become regulatory cells ex vivo has the potential to be useful in the treatment of 
autoimmune diseases and to prevent transplant rejection. The Journal of Immunology, 2002, 169: 4183-4189. 



Transforming growth factor-j3 is a multifunctional cytokine 
with both positive and negative effects on the immune 
system (I). While its inhibitory effects are well known 
[2), Ibis eytoicine can also induce IL-2-activated human CD4 and 
CDS' T col s to develop potent down -regulatory effects. Prcvi- 
misly. vvc h.'ive reported that T(jF-/3 can induce miiogen-stiniu- 
laied ( 'DX ' ' " cells to suppress T cell-dependent Ah production (3, 
•4 1 We hove dso observed thai TGF-/J can generate CD4TD25 * 
cells [h;n Uiv'C very poicni contaci-depeiKlent suppressive effects 
on a]lo.ictiv;)tcd on C DS ' T cells (5). These suppressive effects 
were simiUu to. if not identical with, the "profcssionar* 
C1)4'C'D25 T cells described by others (6, 7). Here wc report 
thai TCiF-P rostimulatcs CD4 ' CD25^ cells and induces them to 
l.ccomc potc II suppressors of Ab production by a TGF-|3-depen- 
dcnt mechanism of uclion. 

To study T cell/B cell interactions, wc have used model systems 
where the co ifounding elTecls of additional APCs can be excluded. 
In invcstigtii ng how CD8 * T cells become suppressor cells, wc 
used a mitot'.enic combination of anti-CD2 Abs for this purpose 
(4 ). More rcccnily, Stohl and Elliott (8) have found that the bac- 
icrtal superantigen staphylococcal enterotoxin B (SEB)^ has a sim- 
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ilar effect. This superantigen binds to T cells expressing V^S »^nd 

HLA-DR on B cells and in high doses eliminates the latter cells by 
activation-induced apoptosis. However, in low doses SEB induces 
Ab production by a direct interaction of T cells and B cells without 
additional accessory cells (8). We have found that the magmludc 
of this response is controlled by TGF'/3 produced by cells in the 
immediate microcnvironment. Exposure of CD4" cells to TGF-jy 
at the time ihey were activated with SEB altered the genetic pro- 
gram of these cells. Upon rcstiiuulation, these CD4 ' T cells ex- 
panded, expressed high levels of CD25 and CTLA-4, and devel- 
oped potent TGF-/3-depcndcnt suppressive activity. 

Materials and Methods 

The following Abs were used; aiUi-CD3, anti-C08, anti-CD20, aiiti-CD25, 
anti-C'l LA-4, anti-CD 1 22, control IgG (all from BD PharMingen, San Di- 
ego, CA); anti-CD8 (OKT8), anti-CDl lb (OKMl), anti-CD74 (L243) (all 
liybridomas from Amciican Type Culture Collection, Mana.ssas, VA); aiUi- 
CD16 (3G8, kindly provided by Dr. J. Unkclcss. Mount Sinai Medical 
School, New York, NY); anti-CD103 (DAKO, Carpintcria, CA), and anii- 
TGP-/3 (R&D Systcm.s, Minneapolis, MN). SEB was purchased from Sig- 
ma-Aldrich (St. Louis, MO). TGF-/31 and lL-2 were from R&D Systems. 

Lymphocyte isoiation 

PBMC were prepared from heparin iyed venous blood of healthy adult vol- 
unteers by Ficoll-Hypaque (Atlanta Biologicals, Norcross, GA) density 
gradient centrifugation. To prepare PBL, PBMC were added to a contin- 
uous Pcrcoll (Pharmacia, Piscaiaway, NJ) density gradient and the high- 
density fraction was collected (9). T cells were prepared by immcdiaie 
resetting with 2-aminocthylisothiouronium bromidc-trcatcd SRBC (10). T 
cells were further purified tVom rosclling cells hy staining with Abs to 
CD 16, CD74, and CD lib and depleting reactive cells using immunomag- 
nclic beads (Dynal Biotech, Great Neck, NY). The pcrcenlagc of CD3 ' 
cclK in this fraction was usually >96%. 

COA ' cells were prepared from T cells thai were stained with Abs to 
CI)X bv ncgalivc selection using mimunoniagnetic bcad.s. Purity of CD4' 
cells was usually ^)5%, CD2 5 depleted COA T cells were prepared from 
CD4 ■ I celts by ceil sorting Bctbrc sorting, the CD4 ' CD25 populaiion 
was ;^ .S"/o among tola! Cl)4 ' T cells. Af(er sorting, the CI34 CD25 ' 
populalu^n was <0.'\%. In some experiments C'D8 ' cells were prepared by 
negative selection (4). To obtain li ceils, nonroscuing PBMC were treated 
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With 5 inM i - cucinc methyl ester (LME) for depletion of monocytes and 
NK cells (II) Ihesc cells were stained with Abs to CD3, CDI6, and 
C lJ! lb :u)(l dtplcicd ot reactive cells by immunomagnclic beads. The re- 
sulting population was >90% CD20 " and <0.5% CD3 

General ion ami assay of regulatory CD4* cells 

C'D4 cells (1 X 10") and irradiated B cells as supcrantigcn- presenting 
cells (S!'C ) (2 X 10'') were cultured with SKB (0.01 ng/nil) in the presence 
ov liliscricc ol TCjK-|31 (0.1 10 ng/ml) in AIM V scrum-frec medium (In- 
viirogcn, Carlibad, CA) tor 5-6 days in 24-wcll plates (Multiwcll; BD 
L:ibwaro. Fraiiklif) Lakes, N.I). Scrum-frcc mcdiutn was used because 
TGI -/j binds lo various scrum components (12), The cells were washed 
diid various n ambers were added to fresh autologous CD4^ cells (5 X 
111"' well I and 1^ cells (5 x 10"*'well) in96-wcll flat-bottom microliter plates 
(I .ilcun. Liiicdln Park, Nj) and cultured in RPMI 1640 medium (Invitro- 
v.!cn) supptcincnlcd with 10% healcd-inactivatcd FCS (HyClone Laborato- 
ries, I o;4an, L I ). 100 U inl penicillin ( Invitrogcn), 100 g/ml streptomycin 
( lijviiioiicii). I ir,M t -gluiaminc ( Invitrogcn), 100 mM Na-pyruvatc (In- 
\ i(i-ogcr>). and 10 niM HHPLS (Invitrogcn). After culture in complete nic- 
Liiurn foi 7 10 days, the supernalanis were harvested and IgG content was 
(.ieicrniined by KLISA O)- The variation between iriplicoic wells was usu- 
ally .IO"'ii. If some expcrimcnis, proliferation in secondary cultures was 
.iNScsscd b\ uptake of tritialcd thymidine added for the final 18 h and 
assessment of cell dcaih by aiincxin V sUiniing as performed by How cy- 
lomcii-y according Ui insirticlions from the manufacturer (HI) PharMingcn). 

Mt'dsunnui-nf af cytokine prodiwiion 

Pruned C Dl' cells vserc extensively washed and restiinulated with 0.01 
niz \\\\ Sl-H lb- 2-4. 4K. and 72 h in scruni-frce AIM V scrum for Tt)F-/3 
[irodueiion, and wiih eoinplelc medium for production of other cytokines. 
Ii^ some expeiimeius, IL-2 (10 U.'ml) was added lo the cultures. Active 
r(ih-/j was d.Mernnned by mink lung cpuhelial cells transfectcd wiih a 
Kicifcrasc gen-; construcl (13). Several concentrations of TGK-/3 were in- 
cluded to gcni:ralc a standard curve, and the variation between triplicate 
samples was ilways <I0%. SupernaiaiUs were also tested in duplicate 
Using i:liSA kils for IL-4, IL-lO, and IFN y (BioSourcc Intemaiional, 
Camarillo. CA). The limits of dcicclion of the assays performed were 7.8 
m pg ml (fo- IL-4 and IL-IO) and 7.8-1000 pg.'ml (for IFN-7). 

Tnmsw cK sImUcs 

C\)4 ' T cells and CD25-dcpletcd CD4" T cells were primed with SEB 
with or withoil JGF-(S as described above. After 5-6 days, these cells 
were exiensivDly washed, mixed with fresh CD4 ^ cells in ditfcrent ratios 
{ 1 :5. 1 :20, and 1 ; 100), and added lo (he wells of a 24-wcll plate containing 
C"l)4 cells. B cells, and SEB. In sonic wells, the conditioned CD4"^ cells 
and irradiated SPC were separated from rcspondcr cells by the insert of a 
Tianswcll plat.' ((.:orning Cosiar, Cambridge, MA). SupcmatanLs were col- 
lected alkr U; days and assayed for IgG content by an ELISA. 

hnmunofhioi esccncL' analysis 

i el! sui lace •'^ g ox press i(^n on elleclor C^04 " T cells wiis determined by 
lK>\\ cN iomciry ( D4^ J cells (lO") were labeled with FIT C-con|ugaled 
C l)4) and PI .-coniiigaicd (ann-CD25) niAbs. After 20 min al 4''C' in 




D 1 2 3 4 

Day Antibody sdded 

FIGURK 2. Effect of anti-TGF-j3 on SEB-induced IgG synthesis. A, 
PBMC (1 X lOVwcll) were stimulated with SEB (0.01 ng/ml) with or 
without anti-TGF-jS (10 for 10 days as in Fig, 1.5, Anti-TGF-/3 or 

control IgG I was added at the days indicated and the cflTcct on IgG pro- 
duction is shown. These studies have been performed at least four times 
with similar results, 



PBS wiih 0.1% BSA and 0.02 mM NaN „ the cells were washed and an- 
alysed on a FACStar'*'"' flow cylomeicr using CcllOuest software (BD 
Bit)scienccs, San Jose, CA). 

For stainu)g of intracellular CTLA-4, ucuvalcd CD4' T cells were har- 
vested and washed twice with PBS. Alkr staining for surface markers, they 
were fixed and permcabilized with 4% paraformaldehyde and 0.1% sapo- 
nin buller lor 20 min. After two washes, (he cells were incubated with 
normal mouse serum 10 inhibit nonspecific binding followed by incubation 
for 20 mm with PE-anii-CTLA'4 or PE-conjugatcd control mAbs (cIgG). 
All staining was performed on ice and at least 10,000 viable cells were 
analyzed. 

St a lis tic a! analysis 

Significance of the results was analyzed by Student's / test performed with 
GraphPad Prism soAware (GraphPad, San Diego, CA). 

Results 

TGF'p controls SEB-induced T cell-dependent Ab production 

Our initial studies suggested that the magnitude of TgG induced by 
low-dose SEB is controlled by TGF-/3 produced by cells in die 
immediate microenvironment. In cultures containing PBMC or 
PBL, the dose of SEB that induced IgG production correlated in- 
versely with the amount of TGF-j3 detected (Fig. I, A and B). By 
contrast, throughout this concentration range of SEB, IgG produc- 
tion remained high and levels of TGF-0 were minimal in cultures 
containing purified CD4 ^ cells and B cells. Because NK cells and 
monocytes are the major sources of TGF-jS in PBMC (4)» wc lysed 
these cells with LME and observed a marked increase in IgG pro- 
duction. However, adding back nanomolar concentrarions of 
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I- K JLKK 1. KiF regulates T eell-dcpcndcnt Ab production induced by low-dosc supcrantigcn. A, PBMC or PBL (1 X lOVweil), or purified CD4 and 
\^ cells f> ^ Itt"" wet I), in 96- well plates were .stimulated with graded doses of SEB for 10 days and the supcrnatants were examined for IgG conienf, 
I nstmmhiied :ells produced ng nil IgG. Supematants from parallel cultures were harvested at 48 h and assayed for active TGF-/J. C, PBMC were 
siinuiiated bel:^re and after treatment with LMi:. A TGF-/3 (10 or 100 pg/ml) was added as shown and stimulated with SEB as above. Each of these studies 
was pei formed at least three limes with similar results. 
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riGURK 3. IDA' cells priiDCd wUh \G\-fi arc selectively expanded 
when rcsiiniulaicd. ") cells (2 x lO'Vwcll) and an equal number of irradi- 
ated B cells as SPC were cultured with SEB (0.01 ng/'ml) with or without 
KjI' /S (0. 1 or I iig/nil) for 5 days. The cells were washed and rcstimulatcd 
wjih SHB (0.01 n&'ml) wilhoui JQV-fi lor 3 days. A, Cells stained by 
anti-ClW Abs. Cells stained by anti-CD8 Abs. The bars indicate the 
mean and SI:M of triplicate cultures. The horizontal lines indicate the 
^ia^lin^^ iisinibc;r ot CIM * and CDH^ cells. Thi.s study is representative of 
nine sejKiraic cspcrimcnis. 

Ti'yV'fi 10 the LME-trciUed PBMC decreased IgG production to 
background livcls (l*'ig. IC). 

Studies wiih a neutralizing anti-TGF-/3 Ab provided further ev- 
idence tor a role for TGF-/3 in the regulation of SEB-induced IgG 
production. The addition of anti-TGF-p resulted in a modest but 
signilicant in:;reiisc in background IgG by PBMC and a 1 0-fold 
increase in IgG production by SEB-stimulated cells (Fig. 2A). This 
enhancement of IgG production was lost if anti-TGF-/3 was added 
I day after l le cells were stimulated (Fig. 2B). This result sug- 
gested an early effect on T cell activation rather than later B cell 
dilfcrentiation. 

Pi-fniiiiy, (if i l i'Us with TCtf'-li cnahies CI)4 ' cells to expand 
fm>n' raffiiJh alter re.sfimu/ation and protects them from 
jcdvufion-indiH eJ cell death 

IVic iie.xt scries of experiments revealed several costimulatory ef- 
fects of TGI -/i on CD4 ' cells. Others have repotted that after 
mitogen aciivaiion of T cells in the prcsctice of TOF-fJ there is 
marked enha;icement of proliferation upon restmiulation (14). We 
have confirmed this linding with SEB and have found that, in a 
mixed popidntion of human peripheral blood rD4^ and CDH'^ T 



lymphocytes, TGF-p had a selective effect on CD4 * cells (Fig. 
3.-4). After reslimulation of TGF-/3-primed cells with low-dose 
SEB, the absolute number of CD4 ' but not CD8 ' cells markedly 
increased (Fig. 35). This result differs from the fmdings of others 
who reported positive effects of TGF-/3 on mouse CDS ' cells ( 1 5). 
TGF-jy also significantly increased the number of purified CD4^ 
cells in primary cultures {p - 0.04), but this increase was modest. 

In the experiment shown in Fig. 4, the increased expansion of 
TGF-/3-primed CD4 * cells after restimulation can be attributed to 
both enhanced proliferanon and protection from activation-in- 
duced cell death. In this experiment CD4 ^ cells were primed with 
or without TGF-p for 6 days, rested for I day, and then rcstimu- 
lated with iow-dose SEB without TGF-j3. Three days later uptake 
of tritiated thymidine by these cells was 3 -fold greater than control 
CD4"*" cells. Within 6 days after restimulation almost one half of 
control CD4 * cells were undergoing apoptosis. By contrast, 
<I0% of TGF-^-primed CD4*" cells were aniiexin V positive. 

Activation of CD4"*^ cells in the presence of TGF-jS also in- 
creased expression of CD25 and CTLA-4. This increase was gen- 
erally modest in primaiy cultures but was marked after restimula- 
tion without TGF-/3, In a representative experiment shown in Fig. 
5, stimulation of CD4^ cells with low-dose SEB with TGF-jy for 
6 days increased the cluster of CD25 ^ CTLA-4 * double stained 
cells from 13 to 24%. Three days later after restimulation without 
TGF-/3, 70% of TGF-P-primed T cells expressed both of these 
markers in contrast to 53% of controls. In addition, the numbers of 
TGF-)3-primed CD4 * cells had more than doubled in contrast to 
control CD4 ' cells, which had increased by only 50%. 
CD4"CD25^ T cells that strongly express CTLA-4'' bear the phe- 
notype of regulatory T cells (7). 

Cytokines produced hy CD4* cells primed with TCF-p 

CD4 ' T cells primed with TGF-|3 had a much greater capacity to 
produce the active form of this cytokine. While TGF-^ produced 
by T cells is generally in the latent precursor form (16, 17), CD4" 
cells primed in (he presence of TGF-/3 and restimulated with SEB 
produced greater amounts of active TGF-i3 in comparison with 
controls (Fig. 6). This effect was markedly accentuated by includ- 
ing IL-2 in secondaiy cultures where a dose-dependent effect of 
TGF-^ was documented. Priming CD4^ cells with 10 ng/ml 



l-l<;i RK 4. l-xpanslon of TCiK-^-primcd CD4 
cclis alter restimuUilion and protection from activa- 
hi>n indueed apoptosis.. 1 wo million CD4 ' cells and 
an equal number of irradialcd B cells were cultured 
loi 6 diiy.s in scrum-free medium with SKB (0.01 
iig mil and T(jF-/il (10 ng ml) (CD4,ti,.^) or with- 
iuw iW\>. cylokine (CD4...,„) The cells were washed, 
rcsiispciidcd \n medium containing 10% FCS. and 
rested ovcmiunl. fwo million CD4 ' cells and SPC 
were then reslimtihilcd with low-dose .SFB plus IL-2 
( ! 0 i; ml). .1. Scc|ueniial cell counts of triplicate cul- 
hircs. The mean SI:'M are indicated. Sigiiificani 
.titter^-ttees i^ei\\ecn (M)4^,,,, and Cr)4-,(,^.,,^ (/ test) 
.ire sixnui ( •. n O.Ox ■'-./' " : 0.01). /i. Tnliaicd 
ihvuiKlinc iiiiUike was as.NCsscd 3 days alter rcslimu- 
iaiKMi St,\ clays allcr reslimulation, viabilily of 
I. I>-J . ar)d ( I >-4 was assessed by flow cytom- 
elr>. rand / J, Cell si/c [forward scatter) on the ab- 
scissa and cell grannlariiy (side scatter) on the ordi- 
naic /:\ Annc<in V sUiiiiine. (jray Inic, ^'04,,;,,.^,; 

hiuck line, CI' 4,^,,,. These dain arc representative of 
tour cxpcrimcnis 
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!-U;UKK 5. ( uslmiukilory cHccls orT(.jr-/j on CD25 and CTLA-4 ex- 
plosion hv (1)4 cells, Cl)4 cells (2 x 10'') with SPC were stimulated 
w ilh low^do^o S1-;B wiih or wiilioul TGV fi (10 ng/ml) for 6 days CDA ' 
veils i2 ^ iO"' were ihcn resinnukiied wilh SFiB as described above lor un 
.iddiiional days. U/jjwr panels, Ci)4 ' cells double stained for surfiicc 
and iiiiruccllular ('TI.A-4 aflcr primary culture. I, o\wi panels. The 
elt'ccis ol rcsiimulaiioii. The cell numbers and percentages thai stained tor 
each marker are indicated. The results are reprcscnlalivc of six 
experiments. 

rGF-)y lesiiltec! in a much greater amount of active TGF-p than 

colls primed wilh 0.1 ng/ml TGF-/3 (Fig. 6). 

Production of IFN-y and IL-IO by resttinulated TGF-j3-primcd 
C'D4 ' cells was significantly lower than that of control CD4 
cells. The decreased IFN-7 production was a direct effect of 
TGF-|y because it was abolished by anti-TGF-/3 (Fig. lA). Al- 
though the decrease in IL-lO production was related to the dose of 
used in primary cultures, it was not reversed by anti-TGF'/3 
in >ccondary cultures (Fig. 7^). IL-4 production was also assessed 
and ditl'ercnces in the production of this cytokine were not ob- 
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KI(.;UUt: 6. (1)4 * cells primed wilh TGF-|3 produce the active fonn of 
ihKs cyiokmc upon rcsiiniulation. CD4 ' ceils (2 lO'VwcIl) were siimu- 
kiied with low - dtjsc SliR lor 6 days wilh the eonccntrations of TGf--^ 
^hkuvn ni nanograms per milliliter. The ceils were then rcsiimuialcd for 1-3 
il;j> s wilh SI:H in the presence or absence ol' IL-2 (10 U/ml). The supcr- 
n.itaiits were then tested for aciivc TGF-/3. The results shown indiealc the 
niean ' SI M ol ihrec independent experiments. In cultures without IL-2, 
ihc niciiti \'aliiL's tif TCjF /J produced by priming CD4* colls with 1 or 10 
n;.i ml were Mgnificantly greater than control Cl>4 *" cells {p = 0.05-0.006) 
<ii ail nines siudied. Wlicn CD4 cells were rcstimulatcd wilh IL-2, T(jF-/3 
prtuhietion Ky CM ' T cells primed with this cytokine were even greater, 
and all vahies were signilieanlly higher, than wntrol CD4^ cells (/? < 
0 002) I GF carry-over iVom primary cultures was excluded by exam- 
ining ihc siipcmatants of primed CIM ' cells that were not rcstimulatcd 
'.villi SFB. 
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FIGURK 7. IFN-y and IL-10 production by C04 '' cells conditioned 
Wilh T(JF-i3. CD4* cells (2 x iO^'/wcll) with SPC were stimulated with 
low'dose SFB and the doses of TGI -J3 indicated for 6 days and rcsiimu- 
ialcd with .SHB. A. Time course of IFN-7 production and etfcct of anti- 
TGF-j3. B, Similar studies of IL- 10 production. The mean ± SF:M of three 
separate experiments is shown. Mean values of cytokines produced by 
TGF-j3-primcd CD4 cells were significantly diflcrcnt from control CD4* 
cells (*, p < 0.05). 



served in diree separate experiments (data not shown). Because 
only TGF-^ and not lL-4 or lL-10 was produced by these cells in 
large amounts, we concluded that we had generated the Th3 cells 
previously described by Wcincr et al. (J8). 

The suppressive effects of CD4 ^ cells primed with TGF-^ and 
precursor phenotype of these cells 

Consistent with its known immunosuppressive effects (1), treat- 
ment of CD4^ cells with TGF-/3 for 48 h abolished the capacity of 
these cells to provide B cell help for Ab production (data not 
shown). However, even more interesting is the fact that the addi- 
tion of TGF-)3-primed CD4 ' cells to fresh CD4 and B cells mark- 
edly suppressed SEB-induced IgG production, fn nine separate ex- 
periments, evaluating various ratios of CD4 regulatory cells to 
helper cells, the addition of 5% TGF-/^-trcated CD4 ' cells to fresh 
CD4' cells had marked suppressive effects. In live of these ex- 
periments, the addition of only 1% of the TGF-/3-primed CD4 * 
cells suppressed IgG production by >50%. The mean value of the 
suppressive activity is shown in Fig. HA. This inhibition was com- 
pletely abolished by anti-TGF-/3 Abs (Fig. 85). With CD4 control 
cells anti-TGF-/3 had no effect on the production of IgG (Fig. 8C). 

We have reported previously that TGY^-p can induce activated 
naive CD4^ cells to become potent, contact-dependent 
CD4 ' CD25 ^ regulatory cells (5). The properties of these cells 
were smiilar to, if not identical with, the murine "professional" 
CD4 "' cells described by others (7), The activity of these suppres- 

mr cells was not affected by anti-TGF-^ or anti-IL-lO. Because 

depletion of CD25 ^ cells from naive CD4 ' cells abrogated the 
development of this suppressive activity (5), the precursors of the 
CD4 ' professional regulatory cells apparently express CD25 con- 
stitutively. Therefore, we considered that the precursors of the Th3 
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A. SEB primed CD4+ cells B. CD4reg + Anti-TGF-p 



C. CD4con + AntUGF-p 



E 

Ot 3 



SCD4con 
■■CD4reg 



1 



Mi 



20% 5% 1 % 




20% 5% 



Percent conditioned CD4+ T cells added 

MCliUl-: H. C[)4 T cells primed with TGK-/^ develop suppressive activity mediated by this cytokine. CD4 " cells and SPC (2 X IO''/wcll) were 
>iinuil:ik'J wiih low-doso SEB with 1 ng'ml TGF-j3 (CD4reg) or wilhoul TGF-)3 (CD4eon) lor 6 days. A, These cells were mixed with fresh CD4 »nd B 
cciis in \\k percentages indicated and sliimilalcd with SKB for an additional 10 days, B, Some cultures contained CU4rcg and anti-TGF-/3 (10 Kg/ml) or 
;! sirnjhir nnioiim ol :m isoiypc-maichcd control IgG. C, Other cultures contained CD4con and anti-TGf'/3. The mean IgG values ± SHM from nine 
experiments arc shown. The horizontal line indicates the mean IgG value produced by SEB-siimulatcd CD4 and B cells without additional CD4 primed 
cells. Values of are indicated. 



cells described in this study, were conventional resting CD4 * cells 
and depleted CD25 cells from total CD4 ' cells. These 
(T)4 C'D25 ■ cells were stimulated with low-dose SEB in the 

presence of TCiF-^^. 

The pheru)type and Hindi onal properties of SCB-stimulated 
(.1)4 i \)2> cells were indistinguishable from total C04 ' cells. 
.'\s l^cforc. priniing with TGF-/^ resulted in a modest increase in the 
touil coll number and those expressing CD25 atid CTLA-4 in pri- 
ni.ny cultures (I ig. Upon rcstimulation with Sf^B there was a 
inai kcd mcrcjse in each of these populations (Fig. 98), and these 
I ells de\ eloped suppressive activity that was neutralized by anti- 
TCi|--/> (Fjg. 9C). CD4 CD23 cells primed with TGF-P also 
produced increased levels of TGF-/:i after restimularion with SFB 
(Fiu. \0). The only dificrenee noted was in the optimal dose of 
fCiF-jy required for conditionitig. With total CD4 ' cells, maxima) 
costimidatory and suppressive etlbcts were noted with concentra- 
tions of I'CjF-/:^ bervvcen 0.1 and 1 ng.ml. With CD25-dcplctcd 
C 1)4 ' cells, maximal prodtiction of TGF'/y and suppressive effects 
requited 10 ngml (Figs. 9C and 10). 

Rale oI'lX'I} coniuct in suppression of €04 " cells conditkmecl 

\!rlu»U!ih suppression of IgG synthesis was mediated by TGf-ft, 
separators nf the CD4 * rcgulatoi^ cells from the respondcr cells 



by Transwells revealed a surprising result. With high ratios of 
suppressor cells to responder cells there was a partial loss of sup- 
pression with cell separation, but a complete loss was observed 
when the number of regulatory cells was reduced. In the experi- 
ment shown in Fig. 10, the suppressive activity by CD25-depleted 
CD4 ' cells was even greater than that of total CD4 ' cells. In other 
experiments the suppressive activity of each population was sim- 
ilar (Fig. II). 

We considered the possibility that TGF-jS released by CD4^ 
cells in the Transwell became bound to the membrane. However, 
studies in which we added various concentrations of TGF-^i to 
either side of the Transwell and measured TGF-/3 outside the 
Transwell excluded this possibility These studies suggested that 
high levels of TGF-/3 made by large numbers of regulatoi7 cells 
could inhibit IgG production. With lower levels made by a smaller 
numbers of cells, the cytokine acted at a short distance and cell 
contact was needed for this suppressor effector activity. 

Discussion 

This report provides further evidence that TGF-P has an important 
role in the generation of regulatory T cells in addhion to its well- 
known inhibitory activities on effector cell function. Here wc have 
documented that TGF-/3 made by cells in the immediate microcn- 
vironmcnt controls the T cell response to the bacterial superantigen 
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Fhcnolypc and function of CD4 'CD25~ cells conditioned with TGF-/^. After depletion of Cl)25 ' cells by cell sorting, CD4^CD25" cells 
^ Id" well) were stimulated wilh low-dose SEB lor 6 days with or without graded concentrations of TGF-j3. A, The total number of CD4 ' 
»c expressing CD25 and CTLA-4 ni primary culture. The phenotype of TGF-/3-primed and control CD4 ^ cells after rcstimulation for 3 days. 
^ c cHecLs of the addition of 4% of CD4 ' cells primed with TGF-^ to fresh T cells on IgG production. The horizontal line indicates the starting 
of ( 1)4 ' cells {A and B) or IgG production (C). These experiments have been repeated five to eight limes with similar results. 
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I'lCiUUK 10. (.\>mparison of active TGK-jtf production by total CD4* 
;iml ( CD25" cells. Total CM' cells or CD4'C:D25~ cells (2 X 
h)" woih ami SP( were stinnilaicd wiih low-dose SEB and graded con- 
^vimaiuMis i>r T(il -^i for 6 days: alter extensive washing ihcy were rc- 
>iinuilaied wnh Sl.li for 72 h. Values lor active TGl'-ja arc shown. This 
c\pi.'rinjoni svas repealed four limes with similar rcsulls. 

S| ;B. a rule fur TGP-jy in regulating the low-dose response to SEB 
(0.01 I imml) was inilially suggested by an inverse correlation 
between IgG production and TGF-p produced by PBL and PBMC. 
VVheieas IgG production by purified CD4^ and B cells remained 
high 111 this dose range, these lymphocytes were poor producers of 
r(jK-jy. Srudics with a neutralizing anti-TGF-jS Ab provided fur- 
ihci evidence for regulation of IgG production by TGF-/3. 

The tindmg that anti-TGF-/^ needed to be present at the start of 
the culture for enhaneenient of Ab production (Fig. 2) suggested 
that thi^ cytokine was regulating early T cell activation rather than 
B cell dilferentiation. Previously, we had documented thatTGF-j3 
needed lo be present at the time of T cell activation for the gen- 
eration (W'CDS' regulator T cells (4). While initial experiments 
revealed TCfF-/3 dowivregulatcd helper activity provided by CD4 ^ 
oclls. further studies indicated that TGF-/3 induced CD4 ^ cells to 
inhibit igCj production by producing suppressive levels of this cy- 
tokine. An autocrine etfecl of TGF-j3 has been documented by 
olher^ {17). 

Pieviously. Stohl and Flliotl (8) demonstrated that the T cell 
response iu Sl'B is dose dependent. Whereas high-dose SEB re- 



sulted in T cell killing of B cells, low-dose SEB stiimtlated T 
cell-dependent B cell differentiation. Similar dose-dependent reg- 
ulatory etfeets have been described in oral tolerance. High doses of 
Ag administered orally result in the clonal deletion of the respond- 
ing T cells, whereas low doses of Ag result in the appearance of 
TGF-/3-producing regulatory T cells called Th3 cells (18). 

The Th3 cells described by Weiner (32) produced large amounts 
of TGF-j3 and some lL-10. Smdies on the cytokines produced by 
our TGF-j3-conditioned CD4 ^ cells revealed that TGF-iB, but not 
IFN-y, IL-IO, or IL-4, was made in large amounts. Production of 
IL-10 and IFN-y was less than that of SEB-stimulaled control 
CD4 ' cells. The decreased amount of I FN- 7 was a direct effect of 
TGF-)y, consistent with the findings of others ( 1 9). By contrast, the 
levels of IL-IO did not increase in the presence of anti-TGF-/3. 

To begin to understand the mechanism of action of TGF-/3, we 
documented costimulatory effects of this cytokine on CD4 ^ cells. 
In preparations containing both CD4 ' and CD8 ^ T cells, TGF-/3 
selectively costimulated CD4^ cells in primary cultures, and this 
subset expanded preferentially upon restimulation without this cy- 
tokine. The expansion of T cells primed with TGF-/3 after restimu- 
lation has been described previously (14). In mice, one group has 
reported that TGF-/3 had selective costimulatory effects on CD8 ' 
T cells (15). Proliferation in response to anti-CD3 and SEB was 
substantially enhanced by TGF-|3 (20). These treated CD8 * cells 
secreted IL-IO and TGF-j3 and developed cytokine-dependent 
growth inhibitoi7 activity. We also have demonstrated costimula- 
tory effects of TGF-/^ on purified human CD8 ' T cells (3, 4) and 
have used TGF-/3 to generate regulatory CD8 ' T cells that have 
cytokine-mediated suppressive effects (21). CD4'' cells and CD8' 
cells require a different length of exposure to TGF-j3 for the in- 
duction of suppressive activity. Whereas incubation of CD8 *^ cells 
wilh TGF-^ for 24 h is suliicient, 5- 6 days of incubation were 
required for CD4 ' cells to develop suppressive effects (3 5). 
Thus, TGF-/3 may have costimulatory properties upon either 
CD4 * or CD8 * cells, and a preferential effect on one subset may 
be explained by the experimental conditions used. 



|-|(.liRK 1 1. Kotv ol\\'il conl^KM in .suppression of 
v-ctK ci)iK.tiiionc(l with TCii'-f-}. C'D4rcg or 
CD'tccin were prcjxucd from total Cl)4 ' cells (ttpfh'r 
Of C\U ' i cc\[<^ {/iJUi^i paiic'/s) i^cc Ma^ 

>, iuily \k'ihi)((s). Van{)us percentages of these 
1 1 .l -/.:{-prniied 0)4 cells were added to fresh CT)4 
and H eellv (S ^ I Or well) or io Tninswclls that also 
eoiitained SI'C J he ceils were slimulaied wuh low- 
do se SI B IV-r 10 days and IgCI wa.s measured. The 
result sluu^ n is ivprcscnijitive of three experiments. 
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The next scries of cxpcrinicnis revealed thai priming CD4 ' cells 
wiih '\Xt\ -li not only enhanced (he proliteration of CD4^ cells 
upon rcstniiulaiion bui also protected these cells from activation- 
iiKkiced apopiosis. Others have reported that the combination of 
!I.-2 and TGF-/3 has n similar protective effect on mouse CD4 * T 
cells (22). This decreased apoplosis can be explained by decreased 
expression of Pas ligand (23. 24) and increased expression of mi- 
lochondnal Bcl-x, (25). 

Rcccnily. wo have reported other evidence of costimulatory ef- 
lecis of r(il--/j on alloantigen-activated CD4 * T cells. Similar to 
the results described in the present study, there was increased blast 
transformation, increased expression of CD25 and CTLA-4, and 
potent, contact-dependent suppressive elfects on CD8"^ cells (5). 
The phcnotypc and functional properties of these CD4 ' cells were 
similar to, if not identical with, the professional CD4"^CD25^ T 
cells described by others where neutralizing anti-cytokine Abs had 
no effect on suppressive activity (reviewed in Ref 7). Here the 
(1)4 cells produced large amounts of TGF-j3, and neutralizing 
Ahs to this cytokine abrogated suppressive activity. 

Because vvc had previously generaied CD4^ suppressor cells 
wiih a cylokmc-mdcpendcni mechanism ot' action from CD25 
precursors, we considered thai the fh3 suppressor cells described 
HI the prcscni <iudy were derived from CT)25" resting C04 * cells. 
Sut^sctjiieni studies revealed that the plienotype and function of cells 
ccneiated (rom ( 'D4 ' ( 'D25 ' cells were indistinguishable from those 
Jcnwd tVom lotal C"D4 cells. Others have also documented sup- 
pivssiw.' properties of cells generated from the CD4 ' CD25~ fraction 
i2(), 27). Ii is impoiiant to emphasize that the CD25 marker cannot 
distinguish "professional regulatory cells from Th3 cells. Although 
the former constitutivcly express this marker, the latter also can 
display this determinani aOer T cell activation. Whereas "profession- 
al" ('n4'C'D25 ' cells appear to be a unique lineage of thymic- 
dcnvcd r cells (6, 7), rh3 cells develop in the periphery (18). 

VVlule some workers claim that TGF-/3 has no role in the sup- 
pressive effector activity of CD4 ^ C025 cells (7), others claim 
ihat thi-^ activity is abolished by high concentrations of anti-TGF-/3 
ani.! that latent TGF-/^ is bound to the surface of these cells (28). 
!i is possible that heterogeneous populations of CD4^CD25^ cells 
derived from ditfereni precursors explain these apparently contra- 
dictory observations. 

lioth the thymus-dcrivcd CD4 ' CD25 * cells and Th3 cells gen- 
erated fr(MU Cl)25" precursors in the periphery have important 
ivgutauiry lunciions in vivo. The former block the activation of 
poteiuially aggressive, sclf-reactivc T cells not eliminated by the 
ihviiuis which arc capable of causing systemic autoimmune dis- 
ease (6 7. 2'), 30). CUA ' C D25 ' cells also regulate homeostatic T 
cell expansion (3i ). While Th3 cells can also suppress autoimmu- 
nu\, ihcy tiinction pruKipally as general feedback regulators of 
and Tli2 cells (IK. ."2) Moreover, it is possible that these 
populations interact with each other m a synergistic manner. The 
ability to generate each of these populations ex vivo with TGV-fi 
has ihe |)oicnlial to be useful m the treatment of autoimmune dis- 
eases ami pres cntion of transplant rejection. 
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